The emergence of multidrug-resistant influenza viruses poses a persistent threat to public health. The current prophylaxis and therapeutic interventions for influenza virus infection have limited efficacy due to the continuous antigenic drift and antigenic shift of influenza viruses. As part of our ongoing effort to develop the next generation of influenza antivirals with broad-spectrum antiviral activity and a high genetic barrier to drug resistance, in this study we report the discovery of dapivirine, an FDA-approved HIV nonnucleoside reverse transcriptase inhibitor, as a broad-spectrum antiviral against multiple strains of influenza A and B viruses with low micromolar efficacy. Mechanistic studies revealed that dapivirine inhibits the nuclear entry of viral ribonucleoproteins at the early stage of viral replication. As a result, viral RNA and protein synthesis were inhibited. Furthermore, dapivirine has a high in vitro genetic barrier to drug resistance, and its antiviral activity is synergistic with oseltamivir carboxylate. In summary, the in vitro antiviral results of dapivirine suggest it is a promising candidate for the development of the next generation of dual influenza and HIV antivirals.
Introduction
The influenza viruses are negative-sense, single-stranded, segmented RNA viruses that belong to the family of Orthomyxoviruses (Palese and Shaw, 2007) . There are three types of influenza viruses: A, B, and C. Influenza A virus is the most virulent human pathogen among the three types and leads to the most severe disease outcomes. Influenza A viruses are the causative agents for both seasonal influenza and pandemic influenza. It is estimated that 3e5 million infections and 250,000e500,000 deaths are associated with seasonal influenza virus infection worldwide (Thompson et al., 2010) . In the event of an influenza pandemic, the impact is usually several orders of magnitude higher. For example, the 1918 Spanish H1N1 influenza claimed 40 million lives (Johnson and Mueller, 2002) , and the latest 2009 swine influenza pandemic led to approximately 284,000 deaths (Dawood et al., 2012) . Besides influenza A viruses, influenza B viruses are also substantial human pathogens. Infection with influenza B viruses can be as severe as influenza A viruses, especially in children and immunocompromised patients (Koutsakos et al., 2016) . Influenza A and B viruses co-circulate in each influenza season, and as a result, both the trivalent and quadrivalent influenza vaccines contain the viral components from influenza B viruses. In contrast, the influenza C virus, which infects humans, dogs, and pigs, is less common than influenza A or B and usually only causes mild disease in children (Matsuzaki et al., 2006) .
There are two general strategies to combat influenza epidemics and pandemics: vaccines and small-molecule antiviral drugs (Loregian et al., 2014) . Influenza vaccines are the first line of defense to prevent influenza virus infection, with an overall 60% effectiveness (Osterholm et al., 2012) . For this reason, influenza vaccines are recommended for anyone aged six months or older with a few exceptions (Grohskopf et al., 2015) . Although influenza vaccines are suitable for immune-competent persons, they have limited efficacy in immune-compromised patients (Osterholm et al., 2012) . Moreover, there is usually a six-month delay between viral identification and vaccine production (Lambert and Fauci, 2010; Wong and Webby, 2013) . Therefore, antiviral drugs are highly desired in combating the threat of influenza, especially at the early phase of influenza pandemic when influenza vaccines are not available. As a segmented RNA virus, influenza virus undergoes both antigenic shift and antigenic drift during viral replication. As a result, influenza viruses exist in quasispecies and have a diverse genetic background (Lauring and Andino, 2010) . Although the genetic diversity is beneficial to the virus's survival, this poses a grand challenge in devising antiviral drugs. Currently, there are two classes of FDA-approved antiviral drugs for the prophylaxis and treatment of influenza infection: the M2 ion channel blockers amantadine and rimantadine (Wang et al., 2011 (Wang et al., , 2015 and the neuraminidase (NA) inhibitors oseltamivir, zanamivir, and peramivir (Loregian et al., 2014) . At present, more than 95% of currently circulating influenza A virus strains are resistant to amantadine and rimantadine, so they are no longer recommended (Wang et al., 2015) . The majority of currently circulating influenza viruses remain sensitive to oseltamivir; however, the number of reports of oseltamivir-resistant influenza strains keeps increasing (Bloom et al., 2010; Hay and Hayden, 2013; Samson et al., 2013) . The 2007e2008 seasonal H1N1 influenza virus in North America, which carries the H275Y mutation in the NA gene, was completely resistant to oseltamivir (Hurt, 2014) . Collectively, the emergence of oseltamivir-resistant influenza viruses is a timely reminder of the urgent need for the next generation of antiviral drugs with a novel mechanism of action.
Drug repurposing, also known as drug repositioning or drug rescue, emerged primarily in the early 1990s as a viable alternative to the conventional de novo drug discovery and development approach (Novac, 2013) . The terminology of drug repurposing refers to "the process of identifying new indications for existing drugs, abandoned or shelved compounds and candidates under development". This approach yielded several classic drugs. One is sildenafil, which was originally discovered as a treatment for various cardiovascular disorders in 1989 and now is sold with the brand name Viagra to treat erectile dysfunction (Fink et al., 2002) . Another is azidothymidine, which originally failed as a chemotherapy anticancer drug due to the lack of efficacy but emerged in the 1980s as a therapy for HIV (D'Andrea et al., 2008) . Compared to traditional drug discovery and development, drug repositioning has significant advantages, such as minimal risk of failure since the toxicity, tolerance, and pharmacokinetic properties of repositioned drugs are already known. Therefore the cost and time needed to bring a drug to market are significantly reduced (Ashburn and Thor, 2004) .
In the present work, we report the repurposing of dapivirine (Fig. 1A) , an HIV nonnucleoside reverse transcriptase inhibitor (NNRTI), as a promising anti-influenza agent. Dapivirine (TMC120) was originally developed as an HIV NNRTI and formulated as an intravaginal ring to prevent the transmission of HIV (Baeten et al., 2016) . Two Phase 3 clinical trials of intravaginal dapivirine rings for HIV prevention were completed in 2015, and the results showed 27% and 31% reduction in HIV-1 acquisition, respectively . However, the antiviral activity of dapivirine in inhibiting influenza viruses has not been reported before. In this study, we discovered that dapivirine has broad-spectrum antiviral activity against both influenza A and B viruses. Dapivirine also has a high in vitro genetic barrier to drug resistance, and no resistant virus emerged under drug selection pressure. Mechanistic studies revealed that dapivirine inhibits the early stage of viral replication by restricting the nuclear entry of the viral ribonucleoprotein (vRNP) complex. Due to its novel mechanism of action, dapivirine was also found to have a synergistic antiviral effect when combined with oseltamivir carboxylate.
Repurposing a HIV drug such as dapivirine as a broad-spectrum influenza antiviral is significant because HIV-infected patients are classified as high-risk group of serious influenza-related complications (https://www.cdc.gov/flu/protect/hiv-flu.htm). For example, an increased mortality rate was observed for patients at late and advanced HIV disease stages when infected with the 2009 pandemic H1N1 virus (Ormsby et al., 2011) . Moreover, as immunocompromised patients require extended treatment with antiviral drugs in the event of influenza virus infection, emergence of drugresistant influenza strains becomes a major concern (Trebbien et al., 2017; van Kampen et al., 2013) . Therefore, a dual HIV and influenza antiviral would be ideal to help protect HIV-infected patients from severe disease outcomes as well as circumvent drug resistance.
Collectively, the discovery of the broad-spectrum influenza antiviral activity of dapivirine provides a promising starting point for further development of dual HIV and influenza antivirals.
Materials and methods

Compounds, cell lines, viruses, and viral infection
Dapivirine (Cat #S2914), etravirine (Cat #S3080), and rilpivirine (Cat #S7303) were ordered from Selleckchem. Oseltamivir carboxylate was ordered from Santa Cruz Biotechnology (Cat # sc-212484). Madin-Darby Canine Kidney (MDCK) cells, adenocarcinomic human alveolar basal epithelial (A549) cells and human embryonic kidney (HEK293) cells were grown at 37 C in 5% CO 2 atmosphere in DMEM media (high glucose, with L-glutamine) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 mg/mL streptomycin. MDCK cells overexpressing Viruses were amplified in MDCK cells in the presence of 2 mg/mL N-acetyl trypsin. Forty-eight hours p.i., the culture media were harvested and cell debris was removed by centrifugation at 3000 rpm for 30 min. Virus titers were determined by plaque assay using MDCK cells expressing ST6Gal I.
Plaque assay
A plaque assay was carried out as previously described (Li et al., 2016 (Li et al., , 2017 except that MDCK cells expressing ST6Gal I were used instead of regular MDCK cells.
Cytotoxicity assay and cytopathic effect (CPE) assay
Evaluation of the cytotoxicity of compounds and the efficacy of compounds against influenza viruseinduced cytopathic effect were carried out using the neutral red uptake assay (Repetto et al., 2008) . Briefly, 80,000 cells/mL MDCK or A549 cells in DMEM medium supplemented with 10% FBS and 100 U/mL penicillin-streptomycin were dispensed into 96-well cell culture plates at 100 mL/well.
Twenty-four hours later, the growth medium was removed and washed with 100 mL PBS buffer. For the cytotoxicity assay, 200 mL fresh DMEM (no FBS) medium containing serial diluted compounds was added to each well. After incubating for 48 h at 37 C with 5% CO 2 in a CO 2 incubator, the medium was removed and replaced with 100 mL DMEM medium containing 40 mg/mL neutral red for 4 h at 37 C. The amount of neutral red taken up was determined by absorbance 540 nm using a Multiskan FC Microplate Photometer (Fisher Scientific). The CC 50 values were calculated from best-fit dose response curves with variable slope in Prism 5.
For the CPE assay, cells at 8000 cells/well density were infected with 100 mL of 100 PFU influenza virus A/WSN/1933 (H1N1) for 1 h at 37 C. Unadsorbed virus was removed and the cells were treated with various doses of tested compounds (0,0.3, 1, 3, 10, 30, 100 mM). The uninfected cells and oseltamivir carboxylate (Ma et al., 2016b) were included in each test as controls. The plates were incubated at 37 C for 44e48 h, and neutral red was added when a significant cytopathic effect was observed in the wells without compound (virus only). The EC 50 values were calculated from best-fit dose response curves with variable slope in Prism 5.
Serial viral passage experiments
Two sets of serial viral passage experiments were performed. The first set was done with A/WSN/33 (H1N1) virus. MDCK cells were infected with the A/WSN/33 (H1N1) virus at MOI 0.001 for 1 h. Then the inoculum was removed and MDCK cells were incubated with 2 mM dapivirine in the first passage and the concentration of dapivirine was gradually increased 2-fold in passages 2e3 and kept constant at 8 mM at passages 4 and onward. In each passage, the viruses were harvested when a significant cytopathic effect was observed, which usually takes 2e3 days after virus infection. The titers of harvested viruses were determined by plaque assay. The dapivirine sensitivity after passages 3, 6, 9, and 12 was determined via plaque assay as described previously . The second set of serial passage experiment was performed with the A/Switzerland/9715293/2013 (H3N2) virus. Experimental conditions were the same as for the first set except that the experiment was stopped at passage 6. Oseltamivir carboxylate was included as a control. The drug sensitivity of oseltamivir at passages 0, 3, and 6 was determined via plaque assay.
Time-of-addition experiment
A time-of-addition experiment was performed as previously described (Ma et al., 2016a) . Briefly, MDCK cells were seeded at 2 Â 10 5 cells/6 cm dish. Oseltamivir carboxylate (1 mM) or dapivirine (3 mM) was added at different time points, as illustrated in Fig. 3 . MDCK cells were infected with the A/WSN/33 (H1N1) virus at MOI 0.01 48 h after seeding. Viruses were harvested at 12 h after infection. The virus titers were determined by plaque assay. Oseltamivir carboxylate was included as a control.
Influenza virus mini-genome assay
A549 cells were seeded at 3 Â 10 5 cells per well in 12-well plates and incubated overnight at 37 C, with 5% CO 2 in a CO 2 cell culture incubator. The cells were transfected with pCDNA constructs of the influenza A/WSN/33 (H1N1) virus PB1, PB2, and PA (100 ng each) and NP (200 ng), the RNA polymerase IIedriven Renilla luciferase reporter pRL-SV40 (Promega) (250 ng), and the influenza virusspecific RNA polymerase Iedriven firefly luciferase reporter (vRNA Luc) (250 ng). The transfection was performed with TransIT-293 (Mirus) in OptiMEM (Invitrogen). Two hours after transfection, the media was supplemented with 1 mL of compound to their final concentrations. Twenty-four hours after incubation, cells were harvested, and firefly luciferase and Renilla luciferase expressions were determined using the Dual Luciferase Assay Kit (Promega).
RNA extraction and real-time PCR
Total RNA was extracted from the influenza A/WSN/33 (H1N1) infected cells using Trizol reagents (Thermo Fisher Scientific). After removing genomic DNA by RQ1 RNase-Free DNase (Promega), the first strand of cDNA was synthesized using 1.2 mg of total RNA and AMV Reverse Transcriptase (Promega). A vRNA-specific primer (5 0 -AGCAAAAGCAGG-3 0 ), cRNA-specific primer (5 0 -AGTAGAAACAAGG-3 0 ) or oligo (dT) 18 was used for detecting influenza vRNA, cRNA, or mRNA, respectively. Real-time PCR was performed on a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific) using FastStart Universal SYBR Green Master (Rox) (Roche) and following influenza NP-or M1-specific primers: NP-F: 5 0 -AGGGTCAGTTGCT-CACAAGTCC-3 0 ; NP-R: 5 0 -TTTGAAGCAGTCTGAAAGGGTCTA-3 0 ; M1-F: 5 0 -ATGGGAACGGAGATCCAAATAA-3 0 ; M1-R: 5 0 -TGCACCAGCA-GAATAACTGAGTG-3 0 . GAPDH was also amplified to serve as a control using human GAPDH-specific primers (HsGAPDH-F: 5 0 -ACACCCACTCCTCCACCTTTG-3 0 and HsGAPDH-R: 5 0 -CAC-CACCCTGTTGCTGTAGCC-3 0 ) or Canis GAPDH-specific primers (ClGAPDH-F: 5 0 -ACAGCAAATTCCACGGCACA-3 0 and ClGAPDH-R: 5 0 -TACTCAGCACCAGCATCACCC-3 0 ). The amplification conditions were 95 C for 10 min, 40 cycles of 15 s at 95 C, and 60 s at 60 C. A melting curve analysis was performed to verify the specificity of each amplification. All experiments were repeated three times independently.
Western blotting
Total proteins were extracted using RAPI lysis buffer (50 mM Tris pH 8.0, 1% NP-40, 0.1% SDS, 150 mM NaCl, 0.5% sodium deoxycholate, 5 mM EDTA, 10 mM NaF, 10 mM NaPPi, 2 mM phenylmethylsulfonyl, and 1 mM PMSF). Equal amounts of extracted total proteins were separated by electrophoresis and transferred to a polyvinylidene difluoride (PVDF) membrane. Target protein was detected using the following antibodies and dilutions: rabbit anti-NP (GeneTex: GTX125989) at 1:5,000, rabbit anti-M1 (GeneTex: GTX125928) at 1:5,000, rabbit anti-NS1 (GeneTex: GTX125990) at 1:5,000, rabbit anti-HA (GeneTex: GTX127357) at 1:3,000, mouse anti-GAPDH antibody (EMD Millipore: MAB374) at 1:3000; detection used horseradish peroxidaseeconjugated secondary antibodies at 1:3000 and Supersignal West Femto substrate (Thermo Scientific).
Immunostaining
Influenza A/WSN/33 (H1N1)einfected cells were fixed with 4% formaldehyde for 10 min followed by permeabilization with 0.2% Triton X-100 for another 10 min. After blocking with 10% bovine serum, cells were sequentially stained with mouse anti-NP antibody (Bio-Rad: MCA400), rabbit anti-M1 antibody (Genetex: GTX125928), and anti-mouse secondary antibody conjugated to Alexa-488 (Thermo Scientific). Nuclei were stained with 300 nM DAPI (Thermo Scientific) after secondary antibody incubation. Fluorescent images were acquired using a Leica SP5-II spectral confocal microscope in Cancer center of the University of Arizona.
Assessment of combination treatment of dapivirine with oseltamivir in vitro
The synergistic antiviral effects of dapivirine and oseltamivir carboxylate were evaluated in cell cultures as described previously (Huggins et al., 1984) using the CPE assay, as described in "Cytotoxicity assay and cytopathic effect (CPE) assay" section above except that the compounds added were oseltamivir carboxylate or dapivirine, alone or in combination. Five combinations of dapivirine and oseltamivir, at the fixed EC 50 ratios of 10:1, 5:1, 1:1, 1:5, and 1:10, were included. In each combination, six 3-fold serial dilutions (equal to a 0.5 log 10 unit decrease) of the stock solution were tested to plot the dose inhibition curve, based on which the EC 50 values of individual dapivirine or oseltamivir were determined. Subsequently, the fractional inhibitory concentration index (FICI) was calculated using the following formula: FICI ¼ [(EC 50 of dapivirine in combination)/(EC 50 of dapivirine alone)] þ [(EC 50 of oseltamivir in combination)/(EC 50 of oseltamivir alone)]. FICI <0.5 was interpreted as a significant synergistic antiviral effect (Odds, 2003) .
Data analysis
Data reported are the mean of two independent experiments ± standard deviation. In each independent experiments, all assays were performed in duplicates except the cytotoxicity assay, which was performed in eight replicates.
Results
Dapivirine has broad-spectrum antiviral activity against influenza A and B viruses
In a screening of an in-house library of compounds consisting of both known drugs and drug-like molecules, dapivirine (Fig. 1A ) was identified as a potent antiviral against the A/California/07/2009 (H1N1) virus in the plaque assay . In the plaque assay, MDCK cells were infected with A/California/07/2009 (H1N1) at 100 PFU/well in the presence of increasing concentrations of dapivirine. After two days of incubation, cells were stained with crystal violet and the plaque area was quantified by Image J (49). It was found that dapivirine inhibited A/California/07/2009 (H1N1) replication in a dose-dependent manner with an EC 50 of 1.2 ± 0.1 mM (Fig. 1D) . The cytotoxicity of dapivirine in MDCK cells was 14.3 ± 0.3 mM with 48 h incubation time (same as plaque assay); therefore, the observed antiviral effect was not due to the cellular cytotoxicity of dapivirine. Dapivirine was also found to inhibit the B/Brisbane/60/2008 virus with EC 50 value of 1.1 ± 0.1 mM in plaque assay (Fig. 1D) . In light of the influenza antiviral activity of dapivirine, we also tested two other closely related HIV NNRTIs, etravirine (Fig. 1B) and rilpivirine (Fig. 1C) . Rilpivirine had no antiviral activity against the A/California/07/2009 (H1N1) virus, while etravirine was only active against A/California/07/2009 (H1N1) with an EC 50 value of 6.7 ± 1.7 mM, and it was not active against the B/Brisbane/60/2008 virus (EC 50 > 50 mM) (Fig. 1D) . Due to the potent and broad-spectrum antiviral activity of dapivirine, it was selected for following mechanistic studies.
Next, to investigate whether the antiviral activity of dapivirine can be extended to other influenza strains, dapivirine was tested against a panel of thirteen influenza A virus strains and two influenza B virus strains in a plaque assay (Table 1 ). The viruses chosen include both influenza A and B viruses as well as their subtypes (Table 1) and NA-H275Y mutations, respectively. The emergence of these multidrug-resistant strains from clinics is of particular concern because they pose a great threat to public health (Hurt, 2014) . A/ Hong Kong/4801/2014 (H3N2) was also included, and this strain overtakes A/California/07/2009 (H1N1)pdm and becomes the predominant strain in the current 2016e2017 influenza season (https://www.cdc.gov/flu/weekly/). The highest drug concentration of dapivirine applied was 3 mM, which confers minimal cellular cytotoxicity (Fig. 3A) . Table 1 summarizes the EC 50 values of dapivirine against these viruses as well as the drug sensitivity of these influenza strains toward the approved antiviral drugs amantadine and oseltamivir. Despite their diverse genetic backgrounds and drug sensitivities toward amantadine and oseltamivir, all thirteen influenza A strains and two influenza B strains tested were sensitive to dapivirine with EC 50 values in the range of 1.1e2.2 mM (Table 1) .
Taken together, these results clearly demonstrate that dapivirine has broad-spectrum antiviral activity against both influenza A and B viruses and has no cross resistance with the currently approved anti-influenza drugs amantadine and oseltamivir. The selectivity index, defined by the ratio of 50% cellular cytotoxicity concentration (CC 50 ) over EC 50 , was in the range of 6.5e13.0 (Table 1) .
Dapivirine inhibits influenza virus replication in multiple cell lines and with both high and low multiplicity of infection (MOI)
To rule out the possibility that the antiviral activity of dapivirine is cell typeedependent, the antiviral activity of dapivirine was tested in two human cell lines: HEK293 and A549. MDCK cells were included as a reference (Fig. 2) . First, the cytotoxicity of dapivirine against these cell lines was determined by the neutral red method (Repetto et al., 2008) . The CC 50 values of dapivirine in MDCK cells and human A549 cells were 14.3 ± 0.3 mM and 19.8 ± 2.1 mM, respectively, with a 48 h incubation time ( Fig. 2A) . Dapivirine was less cytotoxic with a 24 h incubation time, and the CC 50 values of dapivirine in MDCK cells, human HEK293 cells and A549 cells were 27.9 ± 0.7 mM, 25.3 ± 1.4 mM, and 30.8 ± 1.0 mM, respectively (Fig. 2B) . Therefore, 3 mM dapivirine, which was the concentration applied for the following antiviral assays in HEK293 and A549 cells, had no effect on cell viability.
When HEK293 cells were infected with the A/California/07/ 2009 (H1N1) virus at an MOI of 0.01, 3 mM dapivirine reduced viral titer 2.1 log 10 units at 24 h post infection (p.i.), and the efficacy was comparable to 1 mM oseltamivir carboxylate (Fig. 2C) . A similar antiviral effect was observed when A549 cells were infected with the A/WSN/33 (H1N1) virus at an MOI of 0.01 (Fig. 2D) , and dapivirine reduced the viral titer by 1.4 log 10 units at 3 mM. When A549 cells were infected with the A/WSN/33 (H1N1) virus at an MOI of 1, dapivirine also showed significant viral inhibition with a reduction of viral titer by 0.7 log 10 unit at 24 h p.i. (Fig. 2D) , which was slightly less potent than 1 mM oseltamivir carboxylate. To study the antiviral effect of dapivirine on the kinetics of viral replication, A549 cells were infected with the A/WSN/1933 (H1N1) virus at an MOI of 0.01 (Fig. 2E) and the viral titers were quantified at 12, 24, 48, 72, and 96 h p.i. It was found that 3 mM of dapivirine significantly delayed the viral replication, and the viral titers at 12, 24, and 48 h p.i. were 2.5, 1.4, 0.9 log 10 units lower than the DMSO control, respectively (Fig. 2E) . Taken together, these results confirm that dapivirine is capable of inhibiting viral replication in multiple cell lines and with both high and low MOI.
Dapivirine has a high in vitro genetic barrier to drug resistance
Antiviral drugs with a high genetic barrier to drug resistance are desired so that they can be used for a longer period of time. To evaluate the in vitro genetic barrier to drug resistance of dapivirine, the drug was subjected to serial viral passage experiments with increasing drug selection pressure. Two sets of serial passage experiments were performed (Table 2) : one was carried out with the A/WSN/1933 (H1N1) virus, the other was carried out with the A/ Switzerland/9715293/2013 (H3N2) virus, which was one of the predominant circulating influenza A strains during the 2014e2015 influenza season in North America. In the passage experiments, the drug concentration of dapivirine was set at 2 mM (equivalent to the EC 50 s) for the first passage and doubled at passages 2 and 3 and was kept constant in passage 4 and onward ( Table 2 ). The reason to set the highest drug concentration at 8 mM was to minimize cellular cytotoxicity (the CC 50 of dapivirine was 14.3 mM for MDCK cells with 48 h incubation time, Fig. 2A ). For the passage experiment with the A/WSN/33 (H1N1) virus, the drug sensitivities of resulting viruses at passages 3, 6, 9, and 12 were tested. The EC 50 values of dapivirine against viruses at passages 3, 6, 9, and 12 were 1.55 ± 0.33, 1.28 ± 0.28, 1.69 ± 0.44, and 1.32 ± 0.16 mM, respectively, which were similar to the EC 50 value at passage 0 (1.82 ± 0.20 mM).
These results indicate that no resistant viruses were selected. To further confirm this result, another influenza A strain, A/ Switzerland/9715293/2013 (H3N2), was passaged in the presence of dapivirine, and oseltamivir carboxylate was included as a control. It was found that the EC 50 values of dapivirine at passages 3 and 6 were similar to that at passage 0. In contrast, a 10-fold increase of EC 50 was observed for oseltamivir carboxylate at passage 6 when similar drug selection pressure was applied, and this result was consistent with previous findings (Ehrhardt et al., 2013; Shih et al., 2010) . Collectively, these results indicate dapivirine has a high in vitro genetic barrier to drug resistance.
Antiviral mechanism of dapivirine
The broad-spectrum antiviral activity and high in vitro genetic barrier to drug resistance of dapivirine render it an interesting drug candidate for further mechanistic studies. To dissect the antiviral mechanism of dapivirine, time-of-addition, immunofluorescence, RT-qPCR, and western blot experiments were performed.
Dapivirine inhibits the early stage of viral replication
To elucidate which stage of the viral replication cycle was inhibited by dapivirine, a time-of-addition experiment was performed. In this experiment, dapivirine was added either before viral replication or at different time points during and after viral infection. Specifically, MDCK cells were infected with the A/WSN/1933 (H1N1) virus at MOI of 0.01 at À2 h time point, and viruses were harvested at 12 h p.i. and the viral titer was quantified by plaque assay. Oseltamivir carboxylate was included as a control. Consistent with its mechanism of inhibiting the late stage of viral replication by preventing the release of progeny virion (Sidwell et al., 1998) , oseltamivir carboxylate retained potent antiviral activity even when it was added 8 h post viral infection (Fig. 3A) . In contrast, the antiviral efficacy of dapivirine gradually decreased when it was added at later stages of viral replication (Fig. 3B) . Nevertheless, even when added 8 h p.i., dapivirine remained effective in suppressing viral replication, and a 1.5 log 10 unit viral titer reduction was observed. Dapivirine had no effect on viral attachment, and entry as drug treatment during À2 to 0 h had no effect on viral titer (Fig. 3B ). In addition, pretreatment of MDCK cells from either À24 to À2 h or À12 to À2 h had no effect on viral replication. Overall, the time-of-addition experiments suggest that dapivirine inhibits the early stage of influenza virus replication post viral entry, possibly by interfering with the viral RNA replication and transcription. a The EC 50 value is the mean of two independent experiments ± standard deviation. Fig. 3 . Time-of-addition experiments. MDCK cells were infected with the A/WSN/33 (H1N1) virus at À2 h time point; viruses were first incubated at 4 C for 1 h for attachment followed by 37 C for 1 h for viral entry. At time point 0 h, cells were washed with PBS buffer and viruses were harvested at 12 h p.i. The titer of harvested virus was determined by plaque assay. Arrows indicate the period in which (A) 1 mM oseltamivir carboxylate or (B) 3 mM dapivirine was present. Asterisks indicate statistically significant difference in comparison with the DMSO control (student's t-test, ***P < 0.001). The value of viral titer is the mean of two independent experiments ± standard deviation. were harvested and total viral RNA was extracted and quantified by RT-qPCR (C and D) . Asterisks indicate statistically significant difference in comparison with the DMSO control (student's t-test, ***P < 0.001). The value of RNA level is the mean of two independent experiments ± standard deviation. Viral protein levels were quantified by western blot (E) and immunofluorescence (F). (GeI) Mini-genome assay. A549 cells were transfected with a combination of plasmids for minigenome assay (see in Materials and methods). Dapivirine was added to the culture medium at 2 h post transfection. After 22 h incubation, cells were harvest and the activities of Firefly (G) and Renilla (H) luciferases were measured using the dual luciferase kit from Promega. Renilla was served as an internal control to normalize the transfection efficiency (I). Asterisks indicate statistically significant difference in comparison with the DMSO control (student's t-test, ***P < 0.001). The value of luciferase signal is the mean of two independent experiments ± standard deviation.
Dapivirine inhibits viral RNA transcription and viral protein synthesis
To determine whether dapivirine interferes with the nuclear localization of the vRNP complex at different stages of viral replication, an immunofluorescence imaging assay was carried out (Fig. 4A) . In this experiment, A549 cells were infected with the A/WSN/33 (H1N1) virus with an MOI of 30. Dapivirine was tested at 30 mM, which had no effect on cell viability within the 6 h drug treatment experiment (Fig. 4B) . The cells were fixed at 2, 4, and 6 h p.i., and the viral proteins NP and M1 were stained with anti-NP and anti-M1 antibodies, respectively. It was found that dapivirine inhibits the nuclear entry of vRNP at 4 h p.i. and the NP protein remained in the cytoplasm with the dapivirinetreated sample (Fig. 4A) , while in the DMSO control sample, a clear nuclear localization of NP protein was observed. At 6 h p.i., the newly synthesized vRNP started to exit the nucleus in the DMSO control sample, while in the dapivirine-treated sample, NP remained in the cytoplasm. Likewise, dapivirine also inhibited the M1 localization at 2, 4, and 6 h p.i. Previous studies have shown that M1 is not required for the early stage of viral RNA transcription and translation, but it is transported to the nucleus to help with the exit of newly synthesized vRNP complex at the later stage of viral replication (Eisfeld et al., 2015) . A clear nuclear localization of M1 protein in the DMSO control sample was observed at 4 h p.i. (Fig. 4A) , while in the dapivirine-treated sample M1 protein remained predominantly in the cytoplasm. At 6 h p.i., the newly synthesized M1 protein was found in both the nucleus and the cytoplasm in the DMSO control sample. In contrast, the M1 immunofluorescence signal was much lower in the dapivirine-treated sample and the M1 protein remained in the cytoplasm. The immunofluorescence assay results of dapivirine suggest that it inhibits the nuclear entry of vRNP at the early stage of viral replication and it also inhibits viral protein synthesis. To further confirm this observation, RT-qPCR and western blot experiments were conducted to quantify viral RNA and protein levels with and without dapivirine treatment. If dapivirine indeed inhibits the nuclear entry of vRNP, viral RNA and protein levels should be reduced. Indeed, dapivirine inhibited both NP and M1 RNA levels in a dose-dependent manner, as shown by RT-qPCR ( Fig. 4C and D) . As a result, both the NP and M1 protein levels were reduced (Fig. 4E) . The inhibition of NP protein synthesis was further confirmed by immunofluorescence assay (Fig. 4F) . The inhibition of NP protein synthesis was dose dependent, and nearly complete inhibition was observed at 30 mM dapivirine. Nucleozin, a known inhibitor of NP protein, was included as a positive control and completely inhibited viral NP protein synthesis at 1 mM. Collectively, these results indicate that dapivirine inhibits the early stage of viral replication by preventing the nuclear entry of the vRNP complex, thereby inhibiting both viral RNA and protein synthesis. To further investigate whether dapivirine directly inhibits influenza polymerase activity, the mini-genome assay was conducted.
Dapivirine inhibits viral polymerase activity in the minigenome assay
The mini-genome assay (also called mini-replicon assay) is a standard assay to quantify viral polymerase activity and to test whether a compound inhibits viral polymerase activity (Beyleveld et al., 2013; Hoffmann et al., 2011) . In the mini-genome assay, HEK 293 T cells were transfected with six plasmids, four of which encode the viral polymerase complex NP, PA, PB1, and PB2, one plasmid encoding the influenza virusespecific RNA polymerase Iedriven firefly luciferase reporter (vRNA Luc), and one plasmid encoding the RNA polymerase IIedriven Renilla luciferase reporter pRL-SV40, which was used to normalize the transfection efficiency. Nucleozin, which has been shown to inhibit viral polymerase activity in the mini-genome assay (Kao et al., 2010) , was included as a positive control. As shown in Fig. 4GeI , nucleozin nearly completely inhibits the viral polymerase activity at 1 mM. Dapivirine also showed dose-dependent inhibition with a 40% reduction of polymerase activity at 10 mM drug concentration. A further increase of the dapivirine concentration to 20 mM led to cellular cytotoxicity (Fig. 2B) . It was noted that a 20% reduction of renilla luciferase activity was observed when the cells were treated with 10 mM dapivirine, which suggests dapivirine might inhibit host protein synthesis at high drug concentrations. In summary, the minigenome assay results are consistent with the immunofluorescence, RT-qPCR, and western blot assay results, which suggests that dapivirine inhibits viral polymerase activity by preventing the nuclear entry of the vRNP complex.
Dapivirine has synergistic antiviral effect with oseltamivir carboxylate in vitro
As the antiviral mechanism of dapivirine is distinct from that of oseltamivir, we were interested in exploring whether the antiviral effect of dapivirine is synergistic, additive, or antagonistic with oseltamivir. For this purpose, we investigated the in vitro combination therapy potential of dapivirine and oseltamivir carboxylate by calculating the fractional inhibitory concentration index (FICI) (Huggins et al., 1984) (Meletiadis et al., 2010) (Table 3) . FICI is one of the standard methodologies in evaluating the drugedrug combination, and it provides quantitative estimation of the extent of synergy or antagonism (Foucquier and Guedj, 2015; Zhao et al., 2010) . Loewe additive zero-interaction theory is the basis for the FICI method and is used to analyze drugedrug interaction. FICI less than, equal to, or greater than 1 indicates synergy, additivity, or antagonism, respectively (Berenbaum, 1989) . In this study, five sets of combinations of dapivirine and oseltamivir carboxylate were conducted, and FICI of each set was determined. As shown in Table 3 , all tested combinations resulted in FICI that <0.5, indicating strong synergism between dapivirine and oseltamivir carboxylate. 
Discussion and conclusion
Despite the availability of influenza vaccines and smallmolecule antiviral drugs, each year an estimated 5e10% of adults and 20e30% of children are infected with influenza viruses, which results in 250e500 thousand deaths (http://www.who.int/ mediacentre/factsheets/fs211/en/). Therefore, effective antiviral drugs with a novel mechanism of action are clearly needed to combat both existing and potential drug-resistant influenza viruses. To offset the cost and time of drug discovery, drug repurposing that applies known drugs for the treatment of new diseases is one such fast-track strategy (Ashburn and Thor, 2004) (Shim and Liu, 2014) . Here, we discovered dapivirine, an HIV NNRTI, as a broad-spectrum influenza antiviral with a high in vitro genetic barrier to drug resistance.
In our work, the broad-spectrum antiviral activity and high in vitro genetic barrier to drug resistance of dapivirine appear to suggest that dapivirine is a host-targeting antiviral, although we cannot completely rule out the possibility that dapivirine also targets viral proteins. Mechanistic studies show that dapivirine inhibits the early stage of viral replication post viral entry. Specifically, dapivirine treatment led to the inhibition of nuclear entry of the vRNP complex at the early stage of viral replication, as shown by an immunofluorescence assay. As a result, viral RNA replication and transcription, as well as viral protein synthesis, were inhibited. These results were consistent with the time-ofaddition experiment, which showed that the antiviral effect of dapivirine gradually decreased when it was added at the later stages of viral replication. The proposed antiviral mechanism of dapivirine was further corroborated by the mini-genome assay results. Encouragingly, the antiviral effect of dapivirine was synergistic with oseltamivir carboxylate, suggesting that dapivirine can be used either alone to treat infections with oseltamivir-resistant strains or in combination with oseltamivir to delay drug resistance in oseltamivir-sensitive strains.
Due to its poor oral bioavailability, dapivirine is being developed as a topical agent. Relevant to the treatment of influenza virus infection, it is desired to optimize dapivirine as an orally bioavailable drug, which could be achieved by structureeactivity-relationship studies.
It is important to highlight that a dual HIV-and influenza-acting drug such as dapivirine offers additional therapeutic benefits for HIV patients. Although HIV infection does not significantly increase the susceptibility of subsequent influenza virus infection, influenza virus infection in HIV patients does lead to increased mortality and mobility rates (Kunisaki and Janoff, 2009; Sheth et al., 2011; Trebbien et al., 2017) . This is largely due to the compromised immune system of HIV patients, which renders them incapable of suppressing viral replication. For this reason, extended treatment with influenza antivirals is required. However, prolonged administration of direct-activing influenza antivirals such as oseltamivir and zanamivir has been shown to lead to the emergence of drug resistance (Trebbien et al., 2017) . Therefore, a dual HIV and influenza drug that could not only suppress HIV but also inhibit influenza virus replication is highly desired. The discovery of dapivirine as a broad-spectrum influenza antiviral offers an opportunity to develop such dual-targeting drugs, and further development of dapivirine analogs is warranted.
